Introduction {#sec1}
============

Surface modification of inorganic substrates is an extensive research area as it has a wide range of applications in the fields of biotechnology, biosensing, micro- and nanotechnology.^[@ref1]−[@ref3]^ Among all substrates, silicon surfaces are of utmost interest because of its unique optoelectronic properties,^[@ref4]−[@ref6]^ which provide applications in biosensing,^[@ref7],[@ref8]^ molecular electronics^[@ref9],[@ref10]^ and solar cell devices.^[@ref11]−[@ref13]^ In this regard, the nature of the grafting to the silicon surface is a critical issue for electronic applications, as the chemical identity of this linkage can have significant effects on the electronics of the underlying semiconductor.^[@ref14]−[@ref17]^ Molecular control over such silicon-based surface modification can be achieved by the attachment of self-assembled monolayers (SAMs),^[@ref18]−[@ref20]^ possibly followed by surface-initiated polymerizations or well-defined molecular layer deposition.^[@ref21]^ The attachment of SAMs thus provides a simple and elegant approach, as it allows an easy tuning of the properties as well as a desired follow-up reactivity or functionality.^[@ref22]^

Surface modification with alkyl silanes is one of the most commonly used methods to prepare monolayers on silicon oxide (SiOx) surfaces, as it allows the rapid formation of a covalent bond with the surface and as easy chemical modifications.^[@ref23]−[@ref25]^ Despite these advantages, this method often suffers from the low surface OH group content of the Si surface oxide^[@ref26]^ and uniform monolayers are difficult to obtain using solution-phase deposition methods, as undesirable polysiloxane networks are often formed.^[@ref27],[@ref28]^ Recently, surface modification of SiOx surfaces based on the grafting of hydrosilanes using tris(pentafluorophenyl)borane (B(C~6~F~5~)~3~) as catalyst has gained interest, specifically due to its short reaction times (5--10 min for full surface coverage).^[@ref29]−[@ref31]^ However, modification routes for the attachment of organic species on a Si substrate without intervening oxide are for many applications strongly preferred, as they significantly reduce the density of defect states and traps on Si/Ge surfaces.^[@ref32]^ In this regard, a variety of surface modification methods has been investigated with the aim of preserving the near-ideal electrical and electronic properties of H-terminated Si surfaces, while providing a handle for further functionality.^[@ref11],[@ref18],[@ref33]^ Typical modification strategies based on sonochemistry,^[@ref34]^ thermal activation,^[@ref35],[@ref36]^ use of catalysts or Lewis acids,^[@ref37]^ or visible light irradiation,^[@ref38]^ have been widely studied, but often require long reaction times (2--18 h). Alternative, more rapid (10--30 min) grafting approaches based on the use of UV light (254 nm) have been reported,^[@ref39]−[@ref41]^ but these, of course, limit other substituents in the molecule to those that are not photoreactive at this short wavelength. Based on these approaches, we thus figured that the reverse of the reaction of alkyl hydrosilanes with SiOx surfaces, namely that of alkyl silanols with oxide-free H-terminated Si would constitute an attractive surface functionalization.

Herein, we report a fast and efficient surface modification for atomically flat, H-terminated Si(111) \[further: H--Si\] with readily accessible silanol molecules, containing one, two or three hydroxyl groups ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). In addition, highly fluorinated monolayers were prepared and their antifouling behavior toward organic polymers studied, as part of an ongoing program to delineate the factors that govern the barely studied field of fouling by organic polymers. The present modification procedure provides as a first advantage over other Si modification routes that the reaction kinetics (thermal reaction: 15 min at room temperature; UV reaction: 1--2 min) are one to several orders of magnitude faster compared to other attachment chemistries onto H--Si. In addition, it is simple and effective.

![Functionalization of Si(111) Surfaces: (a) Chemical Etching of Si(111) In 40% Aqueous NH~4~F Solution and (b) Grafting of Silanol Derivatives](ja-2017-01106j_0006){#sch1}

Results and Discussion {#sec2}
======================

Monolayer Formation {#sec2.1}
-------------------

As proof-of-principle, a silanol derivative containing an alkyl chain, decyldimethylsilanol (**H1**), was synthesized from the corresponding chlorosilane, analogous to reported procedures (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)).^[@ref42]^ Next, the grafting of compound **H1** onto an atomically flat, hydrogen-terminated Si(111) was studied. For that, Si(111) samples were cleaned and etched according to reported procedures,^[@ref30]^ via acetone sonication, piranha cleaning (H~2~SO~4~/H~2~O~2~ 3:1) and argon-saturated NH~4~F (40% aqueous solution) etching. Once H-terminated surfaces were prepared, they were immediately immersed in 2 mL of dry CH~2~Cl~2~ containing **H1** and 1 mol % of B(C~6~F~5~)~3~, analogous to the procedure for modification of SiOx surfaces by hydrosilanes.^[@ref29]^ As a control experiment, the same reaction was performed in the absence of catalyst. After the reaction, the modified surfaces were rinsed and sonicated with CH~2~Cl~2~ to remove any physisorbed silanols. When the reaction was carried out in the presence of 1 mol % of catalyst at room temperature, XPS revealed that the C/Si content remained unchanged after 1 h or even 24 h reaction time (entries 1 and 2) or upon increasing the catalyst loading up to 5 mol % (entry 3). However, in the absence of the aforementioned catalyst, XPS analysis revealed that the C/Si content increased notably (entry 4) relative to the unmodified substrate, indicating the effective grafting of the silanol **H1** after 1 h.

Such grafting was also corroborated by the increase in the static water contact angle (SCA) from 80° (for H-terminated Si(111)) to a value of 105°, and formation of an organic monolayer with a thickness of ∼0.9 nm as measured by ellipsometry and XPS (according to the C/Si ratio; see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)). The reaction time could be reduced down to 30 min and similar C/Si ratios were still obtained (entry 5). Finally, it is worth mentioning that the reaction also occurred in the absence of solvent (entry 6). No changes in the XPS spectra of modified surfaces were observed upon rinsing and sonication with CH~2~Cl~2~, suggesting the formation of covalently bound monolayers.

While the Lewis acid B(C~6~F~5~)~3~ is an excellent catalyst^[@ref43]^ in the grafting of hydrosilane compounds onto oxidized silicon surfaces,^[@ref29]−[@ref31]^ these results show it to be ineffective for the inverse reaction on H--Si surfaces. On the basis of the observed results, we hypothesize that this organoborane catalyst^[@ref44]−[@ref48]^ may actually passivate the H-terminated silicon surface and thus dramatically slows down the attachment of silanol compounds. This B(C~6~F~5~)~3~ catalyst was also shown to be ineffective on H--Si nanocrystals^[@ref49]^ and or H-terminated porous Si.^[@ref50]^

Next, given their relative ease for characterization by SCA and XPS measurements, and our wider research goal to rapidly form fluorinated monolayers onto Si,^[@ref51]^ three silanol derivatives containing a fluorinated alkyl chain (−C~8~F~17~) were synthesized from the corresponding chlorosilanes in high yields (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)), and used to modify H--Si surfaces. These fluorinated silanol derivatives have one (monodentate, **F1**), two (bidentate, **F2**) or three (tridentate, **F3**) hydroxyl groups that can interact with the surface.^[@ref52]^ The degree of modification was evaluated by measuring the SCA of the functionalized surfaces ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). For silanol **F1**, the SCA gradually increased from 80° to a value of 109° after 30 min, whereas for **F2** and **F3**, more hydrophobic surfaces (112° for **F2** and 118° for **F3**) were obtained in even shorter reaction times (15 min), in which the SCA became similar to that of analogous alkyne-derived fluorinated SAMs on Si(111).^[@ref53]^ These results also show the higher reactivity of bidentate and tridentate silanol derivatives over the homologous monodentate. The grafting was also confirmed by infrared reflection absorption spectrometry (IRRAS). After reaction with silanol derivatives, C--H stretching bands appeared below 3000 cm^--1^, accompanied by a diminished intensity of the Si--H vibrational bands, indicating the reaction and subsequent consumption of this moiety on the surface. For **F2** and **F3**, eventually all hydroxyl groups were bound to the Si(111) substrate as no evidence of unreacted hydroxyls moieties was observed, indicated by the lack of an IR peak around 3100 cm^--1^.

###### Optimization of Reaction Conditions for the Attachment of Silanol **H1** onto Hydrogen-Terminated Si(111) Surfaces

  entry   solvent      cat. (mol %)   time (h)   C/Si ratio (%)
  ------- ------------ -------------- ---------- ----------------
  1       CH~2~Cl~2~   1              1          0.06
  2       CH~2~Cl~2~   5              24         0.07
  3       CH~2~Cl~2~   5              1          0.07
  4       CH~2~Cl~2~   0              1          0.30
  5       CH~2~Cl~2~   0              0.5        0.32
  6       none         0              0.5        0.31

![SCA of silanol **H1**, **F1**, **F2** and **F3** monolayers vs reaction time. Each data point represents the average of five separately prepared monolayers the relative error is less than ±2°.](ja-2017-01106j_0001){#fig1}

This difference in reactivity was also confirmed by ellipsometry (Figure S19, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)). The ellipsometric thickness of the monolayers investigated in this study was after 30 min reaction time found to be 0.9--1.1 (±0.2) nm, which is similar to the theoretically expected thickness calculated for a close-packed monolayer with fully extended molecules and a near-perpendicular orientation to the surface. This result also suggests that no undesirable reaction with neighboring hydroxyls to form laterally cross-linked layers (in analogy to silanes) was observed for **F2** and **F3** compounds. However, this is not the case when longer reaction times were investigated, as multilayers for bidentate and tridentate silanol derivatives, were observed after 2 h. These undesirable multilayers for **F2** and **F3** compounds yielded highly hydrophobic surfaces (SCA ∼ 124°) and thicknesses around 3--4 nm, as calculated from the C/Si ratio determined by XPS. The silanol-derived monolayers showed sharp signals for the antisymmetric and symmetric C--H stretching vibrations at 2921 and 2851 cm^--1^, respectively, which is indicative of the formation of a well-defined monolayer (Figures S27--S30, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)), especially given the Si-bound methyl groups.^[@ref54],[@ref55]^

The topography of the modified Si surfaces was studied after completion of the reaction (as indicated by SCA) by atomic force microscopy (AFM), and yielded a surface roughness of \<0.3 nm for all surfaces, i.e., identical to the atomically flat H-terminated surface obtained after etching (Figures S21--S26, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)). No evidence of islands or granules was observed in the AFM images, in accordance with the presence of a fully formed monolayer on the surface.

Interestingly, the attachment of **F1** was extremely fast under UV light (254 nm) irradiation. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, a SCA of 111° was already reached within 1 min of UV light irradiation, and prolonged irradiation (up to 5 min) did not change this situation appreciably. Analogous experiments with bi- and tridentate compounds also showed that the grafting reaction rate was higher under UV light irradiation (1 min), and SCA of 112 and 118° were obtained for **F2** and **F3**, respectively. However, irradiation times longer than 10 min yielded the increase of layer thickness, suggesting multilayer formation. These data indicate that the UV-induced attachment of silanols is by far the fastest modification of oxide-free Si surface reported up to now.

![(A) Schematic representation of a photomasking experiment, (B) SCA of **F1**-functionalized (110°) and nonfunctionalized (45°) H-terminated Si, (C) F 1s XPS narrow scan of **F1**-functionalized (red) and nonfunctionalized (blue) H-terminated Si, (D) C 1s XPS narrow scan of **F1**-functionalized (red) and nonfunctionalized (blue) H-terminated Si and (E) scanning electron microscopy (SEM) image obtained using a gold photomask.](ja-2017-01106j_0002){#fig2}

The use of light-based surface modification approaches is highly attractive as it allows surface patterning by exposure through a mask.^[@ref56]^ In this regard, a proof-of-concept photomasking experiment was carried out using a 254 nm lamp (3 min) as depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, yielding hydrophobic **F1**-functionalized surfaces on the irradiated areas and hydrophilic nonfunctionalized surfaces on the covered areas. SCA (110° and ∼45°, respectively) and XPS F 1s and C 1s narrow scans ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C and [2](#fig2){ref-type="fig"}D) confirm this. To demonstrate the ability to locally functionalize the surface, photolithography was performed using a contact mask (gold electron microscope grid) to pattern the surface with silanol **F1**. An image obtained using a scanning electron microscopy (SEM) showed the pattern from the mask was effectively transferred to the surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). The light-induced attachment also works at longer wavelengths (365 and 447 nm; filters used to block residual \<300 nm wavelengths)---with these wavelengths the reaction takes ca. 8 and 15 min to complete; this is significantly longer than at 254 nm, but again much faster than required for the attachment of, e.g., alkenes or alkynes at 365 nm or longer wavelengths.^[@ref57],[@ref58]^

The successful formation of monolayers was corroborated by XPS. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the elemental concentration (in atom %) derived from XPS measurements after each step of the surface modification. As shown, the % C and % O decreased significantly after piranha cleaning and NF~4~H etching, respectively. After reaction with the silanol compounds, a clear increase in the % C for **H1** (entry 4), and % C and % F for **F1**, **F2** and **F3** (entries 5--7) was observed, confirming the grafting. The XPS F/C atomic ratio calculated as an average of three different fluorinated-modified surfaces was 1.41 ± 0.05 for **F1**, 1.60 ± 0.08 for **F2** and 1.67 ± 0.07 for **F3**, in excellent agreement with the theoretical values of 1.42, 1.54 and 1.70, respectively. A detailed study from the Si 2p core level spectra revealed no contribution in the 102--104 eV range from oxide species,^[@ref59]^ supporting the continued presence of an oxide-free Si(111) surface.

###### Atomic Percentages (Average Value of Five Separately Prepared Monolayers) for the Elements Present in the Different Photochemically (254 nm, 2 min) Modified Si(111) Surfaces

  entry   modification       Si 2p (%)   O 1s (%)   C 1s (%)   F 1s (%)
  ------- ------------------ ----------- ---------- ---------- ----------
  1       Acetone cleaning   58.8        30.3       10.9       --
  2       Piranha cleaning   68.6        29.6       1.8        --
  3       NH~4~F etching     95.2        2.2        2.1        --
  4       **H1**             72.3        4.6        22.8       --
  5       **F1**             54.6        5.1        17.1       23.2
  6       **F2**             51.5        4.2        17.0       27.3
  7       **F3**             52.5        5.3        15.8       26.4

A detailed investigation of the XPS C 1s spectra confirmed the successful monolayer formation, as shown by peak deconvolution into different components corresponding to the carbon atoms having different environments. For compound **H1**, the C 1s spectrum was deconvoluted into two main peaks ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A): the alkyl peak at 285.0 eV, and a peak assigned to −**[C]{.ul}**H~2~--Si at 286.0 eV. For compounds **F1**--**F3** ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B--D), the C 1s spectra were deconvoluted into the alkyl peak at 285.0 eV (for **F1** and **F2**), and peaks for −**[C]{.ul}**H~2~--Si, −CF~2~--**[C]{.ul}**H~2~--, −**[C]{.ul}**F~2~--CH~2~--, −**[C]{.ul}**F~2~-- and −**[C]{.ul}**F~3~ at 285.8, 286.7, 291.3, 292.0, and 294.4 eV, respectively. DFT-derived simulated C 1s XPS spectra^[@ref60]^ agreed well with the experimental spectra (Figure S36, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)), and all wide and C 1s narrow scans showed peak intensities in line with the monolayer structure.

![XPS C 1s spectra of monolayers on H--Si (111) derived from silanol **H1** (A) and perfluorinated compounds **F1** (B), **F2** (C) and **F3** (D).](ja-2017-01106j_0003){#fig3}

Considerations Regarding Reaction Mechanism {#sec2.2}
-------------------------------------------

In order to probe the mechanism of this reaction, the attachment of monodentate silanol **F1** onto the H-terminated Si(111) surface was investigated under different conditions, and the degree of modification was evaluated by measuring the SCA and XPS of the functionalized surfaces. As relative benchmarks we used the situation in the presence of 1% of B(C~6~F~5~)~3~ (no reaction), and the room-temperature reaction in the absence of the organoborane compound (SCA of 109° after 20--30 min). When the room temperature reaction was performed without catalyst and in full darkness, then a decrease in the grafting rate was clearly visible, as indicated by SCA measurements and XPS (F/C ratio). Upon addition of a radical initiator (1 mol % of 4-bromobenzenediazonium tetra-fluoroborate, BBD)---which been proved to be an effective catalyst for the grafting of organosulphur and organodiselenide compounds on H-terminated porous Si surfaces^[@ref61]^---the immobilization proceeded slightly faster, as SCA around 109° were obtained after 20 min. The successful grafting was also confirmed by XPS, as a F/C atomic ratio of around 1.41 was obtained, in agreement with the theoretical value of 1.42. In contrast, in the presence of a radical trap (1 mol % of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl), TEMPO),^[@ref62]^ the grafting was observed to be significantly slower and more than 60 min were needed to reach a SCA of 109°. These results support the involvement of a radical mechanism in the grafting reaction. The effect of the temperature on the attachment reaction was studied at 50 and 80 °C, and both SCA and XPS (C/Si atomic ratio) indicated that that the grafting reaction was 2--3 times faster as temperature increased.

A possible mechanism of this grafting procedure may proceed through a nucleophilic attack onto the Si--H surface by an O lone pair from the silanol compound, analogous to what has been observed for alcohols on Si--H surfaces,^[@ref63]^ followed by the loss of the two hydrogen atoms to give an oxidative addition (Si--O--Si bond formation) on the H-terminated surface. Alternatively, given the observed dependence on radical initiators and radical scavengers, the reaction might take place on surface-bound Si radicals, with loss of H~2~ from the radical intermediate yielding another surface-bound Si radical. M11/6-311+G(d,p) density functional theory calculations^[@ref64]^ of the overall reaction enthalpy were used to further probe the significant difference in reactivity for the R--(CH~3~)~2~SiOH, R--(CH~3~)Si(OH)~2~ and R--Si(OH)~3~ reagents (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)). For that, we assumed that the H-terminated surface and the silanol reagent will react forming the immobilized product and H~2~. The H--Si(111) substrate was mimicked using tris(trihydrosilyl)silane as a model surface, which resembles the top layer of the H--Si(111) surface. These calculations clearly show that **F3** has the most favorable reaction energy for monolayer formation (−59.4 kcal/mol); with **F2** yielding 1.6 kcal/mol less per Si--O--Si linkage and **F1** even 13.0 kcal/mol less. For the light-induced reaction we do, in fact, not notice much of a dependence on the number of −OH groups. If one would presume the surface to be partially positively charged due to the optical excitation,^[@ref58]^ then the most extreme case would be a representation by a radical cation. We thus repeated the above calculation with tris(trihydrosilyl) silane radical cation as a surface model, to find the corresponding binding energies to be 9.4, 8.7, and 9.0 kcal/mol, for covalent attachment via one Si--O bond of **F1**, **F2** and **F3**, respectively. In other words: these are all more or less the same, in line with the absence of any reactivity difference in the photochemical reaction.

Monolayer Stability {#sec2.3}
-------------------

The stability of the monolayer is a crucial parameter, as the performance and durability of biosensing and electronic devices depends on it to a large degree.^[@ref65]^ To study the hydrolytic stability, silanol-derived monolayers were immersed up to 30 days in four different aqueous media containing deionized water, PBS (pH 7.4), an acidic (HCl) solution at pH 3, and a basic (NaOH) solution at pH 11, all under continuous stirring.^[@ref66]^ After 1, 3, 5, 7, and 30 days, samples were cleaned and sonicated in water. The hydrolytic stability was followed by SCA measurements and carbon desorption rates, using the C/Si ratio from XPS survey scans; in each case data were normalized to the height at the starting surface. In general, no significant changes were detected in the SCA ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) and C/Si ratio (Figures S35--S38, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf)) after immersion for 1 and 3 days in any of the solutions. The **H1** and **F1** monolayers showed after 30 days of immersion in basic media a reduction of the C/Si ratio up to ∼30%, implying removal of a significant fraction of the monolayer although the surface remained hydrophobic as indicated by SCA around 90° (for **H1**) and 95° (for **F1**). While this result is already quite reasonable, the **F2** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C) and **F3** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D) monolayers perform even better: After prolonged immersion for 30 days in H~2~O no significant reduction was detected in SCA or C/Si ratio by XPS; in PBS and pH 3, the SCA decreased only a few degrees, and C/Si ratio by just 3--7%. At pH 3, SCA values for **F2** and **F3** only decreased by ∼5°, and the C/Si ratio by 6%, while even upon 30 days in pH 11, only a 15% decrease of the C/Si ratio was observed for the **F3**-derived monolayer, with the SCA still \>105°. This indicates the formation of highly stable monolayers derived from **F2** and **F3**, which we relate to the mode of attachment, in which, e.g., the **F3** compound not only reacts the fastest, but also yields up to three Si--O--Si bonds with concomitantly high stabilities.

![Hydrolytic stability of Si(111) surfaces modified with **H1** (A) and perfluorinated compounds **F1** (B), **F2** (C) and **F3** (D) as followed by SCA (lines connecting data points are a mere guide to the eye). Each data point is the average from five separately prepared monolayers.](ja-2017-01106j_0004){#fig4}

Antifouling Properties {#sec2.4}
----------------------

Finally, these monolayers were studied with respect to their antifouling characteristics toward organic polymers, as part of our wider ranging studies in this area.^[@ref67]^ Fouling is generally defined as the deposition or accumulation of unwanted materials on a solid surface, causing severe damage of equipment,^[@ref68]^ and is particularly relevant for reduced flow, such as in orifices in next-generation Si-based printer heads and SiN-based microsieves (typically pore size: 400--4000 nm). Both monolayers^[@ref51]^ and polymer brushes^[@ref69]^ have been used to minimize such organic polymer fouling, but all previously made coatings took many hours and (for the brushes) multistep surface-bound conversions. Therefore, the antifouling properties of the prepared monolayers were studied toward a selection of commonly used polymers with similar molecular weight (*M*~n~ ∼ 5000 g/mol), namely poly(ethylene glycol) (PEG), poly(acrylic acid) (PAA), poly(vinyl acetate) (PVA), polystyrene (PS), poly(2-vinylpyridine) (P2VP) and poly(*N*-isopropylacrylamide (PNIPAM). Polymer adsorption was investigated by means of XPS and ellipsometry on functionalized samples. After immersion of unmodified silicon in the polymer solution (10 mg/mL in DMF) during 18 h and a standardized washing protocol,^[@ref47]^ XPS analysis showed a notable increase of C content. From ellipsometric measurements, a fouling layer of 1.6--4.6 nm was found for the different polymers under study ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), confirming that such polymer really foul an unmodified Si surface. In contrast, for the alkyl- and especially the fluoroalkyl-modified surfaces, this fouling was significantly reduced, with thickness increases lower than 0.4 nm. The antifouling behavior of the F~17~ monolayers such as **F2** and especially **F3** is thereby near identical to that of previously studied perfluorinated alkyne-derived monolayers,^[@ref51]^ which require much longer reaction times to be formed.

![Ellipsometric thickness increase of different monolayers after immersing the monolayer into a polymer solution (10 mg/mL in DMF) for 18 h.](ja-2017-01106j_0005){#fig5}

Conclusions {#sec3}
===========

We have established a fast and catalyst-free grafting method for the attachment of silanol compounds onto oxide-free, H-terminated Si(111) surfaces that is 2--3 orders of magnitude faster than competing attachment chemistries. This approach yields hydrophobic monolayers that display a high hydrolytic stability under physiological conditions (PBS buffer), and under both acidic and basic media (pH 3 and 11). When highly fluorinated monolayers are formed, these display very good antifouling properties toward a wide series of polymers. We expect this attachment chemistry can be easily extended to a range of other functionalities, giving it substantial potential in the scalable functionalization of silicon-based devices. Further mechanistic investigations are currently ongoing in our laboratories.

Experimental Section {#sec4}
====================

Chemicals {#sec4.1}
---------

N-type phosphorus-doped silicon (111) wafers, with resistivity of 0.01--0.018 Ω·cm, were used in these experiments. Heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane (95% purum), (heptadecafluoro-1,1,2,2-tetrahydrodecyl)methyldichlorosilane (97% purum) and 1*H*,1*H*,2*H*,2*H*-perfluorodecyltrichlorosilane (97% purum, stabilized with copper) were purchased from abcr GmbH. Chloro-decyl-dimethylsilane, acetone, diethyl ether, CH~2~Cl~2~ and triethylamine (Et~3~N) were purchased from Sigma-Aldrich. For surface modification, CH~2~Cl~2~ was dried in a PureSolv EN solvent purification system (Innovative Technology). Deionized (DI) water was obtained from a Milli-Q Integral water purification system (Merck-Millipore). Phosphate buffered saline (PBS, 10 mM, pH 7.4) was prepared from a solution of NaCl (8.01 g/L), Na~2~HPO~4~ (1.41 g/L), KH~2~PO~4~ (0.27 g/L) and KCl (0.20 g/L) in DI water.

Monolayer Preparation {#sec4.2}
---------------------

A piece of Si (111) wafer was first rinsed several times with acetone, followed by sonication for 15 min in acetone. The Si wafer was then oxidized in freshly prepared piranha solution (H~2~SO~4~/H~2~O~2~ 3:1) for 30 min at 60 °C. After piranha treatment, the substrates were immersed immediately in water and rinsed thoroughly, followed by drying with a stream of argon. Subsequently, the Si (111) substrates were etched in an argon-saturated 40% aqueous NH~4~F solution for 15 min under an argon atmosphere. Argon was purged through the NH~4~F for 30 min to remove O~2~ before the Si(111) pieces were immersed. After being etched, the samples were rinsed with water and finally blown dry with a stream of nitrogen. A three-necked flat-bottomed flask connected to a thin capillary as the argon inlet and to a reflux condenser connected to a vacuum pump was charged with individual neat silanol, flushed with argon in order to remove traces of oxygen and moisture. The freshly etched Si (111) substrate was placed in a flask containing the fluorinated silanol under an argon atmosphere. For photochemical modification, silanol compounds were dropped on the freshly etched Si surface and immediately irradiated with a using a 254 nm lamp (3 min). After the reaction had been stopped, the modified surfaces were rinsed and sonicated with CH~2~Cl~2~ for 15 min to remove any physisorbed silanol compounds. The modified silicon substrates were directly used for surface characterization or stored in the glovebox prior to characterization. The monolayers were extensively analyzed by XPS, IR contact angle measurements and AFM, as described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf).

Hydrolytic Stability Experiments {#sec4.3}
--------------------------------

Hydrolytic stability tests were carried out by placing the modified surfaces in rubber stopper glass vials. Four different aqueous environments were prepared containing deionized (DI) water, neutral PBS (pH 7.4), an acidic (HCl) solution at pH 3, and a basic (NaOH) solution at pH 11. The stability for all surfaces was investigated at constant temperature of 25 °C. The vials under study were continuously agitated at 25 rpm using an incubator shaker, benchtop Innova 4080, to mimic mechanical disturbances by flowing solvents; this approach also minimizes the deposition of adventitious carbon on the surface. The stability of the functionalized surfaces under acidic, basic, PBS, and neutral deionized water was monitored directly after preparation, and after 1 day, 7 days, and 30 days of immersion in the described medium in a laboratory environment. In all cases, before measurements, the samples were taken from the medium, rinsed with fresh DI water, sonicated in water, and dichloromethane for 5 min in each solvent, and finally rinsed with dichloromethane and dried in a flow of dry argon. The samples were returned to new vials filled with freshly prepared solutions for prolonged periods of this stability study. The reported values are the average of five surfaces.

Fouling Experiments {#sec4.4}
-------------------

Clean and well-characterized monolayer-modified silicon surfaces were used for our fouling studies. For all experiments the concentration of fouling polymer was 10 mg/mL in DMF. The well-cleaned surface was immersed into the polymer solution for 12 h, and then taken out, washed with DMF for 2 min in an autoshaker (at 50 rpm), taken out, rinsed, and this washing step was performed in total three times. Next, the sample was dried in a 80 °C oven for 2 h. Unfouled monolayers are not affected in any observed manner by this sonication and drying treatment. The extent of absorption (fouling) and the morphology of the adhered polymer on these monolayers were characterized by ellipsometry, XPS and AFM measurements. For each monolayer, the fouling experiments were conducted on three different samples, and on each sample the ellipsometry, XPS and AFM measurements were carried out at least three different places. The reported data in this paper are the average results for all the measurements. Bare silicon was used as reference in this polymer absorption survey.

Computational Procedures {#sec4.5}
------------------------

All of the DFT calculations reported herein were carried out using performed using Gaussian 09.^[@ref70]^ All geometries were fully optimized, and the nature of the stationary points was determined in each case according to the proper number of imaginary frequencies.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.7b01106](http://pubs.acs.org/doi/abs/10.1021/jacs.7b01106).Synthesis, detailed descriptions of characterization techniques (XPS, ellipsometry, static water contact angle measurements, AFM), experimental procedures, supplementary figures (^1^H NMR, ^13^C NMR, ^19^F NMR, XPS and IR spectra; rate of reaction with various wavelengths) and tables; full ref ([@ref70]) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b01106/suppl_file/ja7b01106_si_001.pdf))
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